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Mixed convection flows or combined forced and free convec-
tion flows, arise in many transport processes both naturally
and in engineering applications. They play an important role,
for example, at atmospheric boundary layer flows, heat
exchangers, solar collectors, and nuclear reactors and in elec-tronic equipment. Recent advances in science and technology
have promoted a rapid development of different microfluidic
devices in physical, chemical, biological, medical, engineering,
and energy related fields. Due to the difficulty in making pre-
cise measurements, microscale fluid flow and heat transfer
modelling were emphasised in modern microfluidic applica-
tions, such as microelectrochemical cell transport, microheat
exchanging and microchip cooling. These applications have
motivated strong interest in understanding the phenomenolog-
ical aspects of these small systems and the physical laws gov-
erning them. One of the basic steps in understanding these
physical aspects is the theoretical or experimental study of flow
through a channel of microscale size, commonly referred to as
microchannels.
A series of theoretical as well as experimental studies have
been carried out in this area in order to understand the fluidchannel,
Nomenclature
b channel width
Cp; Cv specific heats at constant pressure and constant
volume, respectively
ft; fv thermal and tangential momentum accommoda-
tion coefficients, respectively
g gravitational acceleration
ln fluid–wall interaction parameter ðbt=bvÞ
Kn Knudsen number ðk=bÞ
m volume flow rate
M dimensionless volume flow rate
Nu dimensionless heat transfer rate (Nusselt number)
S suction/injection parameter
Pr Prandtl number
T temperature of fluid
T0 reference temperature
u, v velocity components in x, y directions
V0 constant suction/injection velocity
U dimensionless velocity
Greek letters
a thermal diffusivity
b thermal expansion coefficient
bt; bv dimensionless variables
cs ratio of specific heats ðCp=CvÞ
l dynamic viscosity
h dimensionless temperature
n wall-ambient temperature difference ratio
q density
m fluid kinematic viscosity
Subscripts
1 hotter wall values
2 cooler wall values
2 B.K. Jha, B. Ainabehaviour within these micro-devices. Ho and Tai [1] gave a
reviews of previous work done on micro-electro-mechanical-
systems (MEMS) and fluid flows. Palm [2] and Sobhan and
Garimella [3] conducted a study on heat transfer and fluid flow
in microchannels. A study towards a better understanding of
friction and heat/mass transfer in microchannel was presented
by Obot [4]. In another related article, Rostami et al. [5] carried
out a study on the flow and heat transfer in microchannel,
while the same authors [6] investigated the flow and heat trans-
fer for gas flowing in microchannels. Gad-el-Hak [7] gave a
review of flow formation in micro-electro-mechanical-systems
(MEMS). Guo and Li [8] conducted a study of a size effect
on micro scale single phase flow and heat transfer. In another
work, the same authors [9], further investigate the size effect on
single phase channel flow and heat transfer at microscale.
Morini [10] carried out a study on the single phase convective
heat transfer in microchannel.
Instead, there are only a few regarding the natural and
mixed convection in vertical microchannel and micro-tubes.
Chen and Weng [11] studied the flow mechanism in a vertical
micro-channel and obtained an exact solution of the fully
developed natural convection in an open – ended vertical par-
allel – plate micro-channel due to asymmetric heating of
micro-channel walls. It is observed that the rarefaction and
fluid–wall interaction have significant effects on the flow and
thermal fields. This result is extended by taking into account
suction/injection on the micro-channel walls by Jha et al.
[12]. They concluded that skin friction as well as rate of heat
transfer is strongly dependent on suction/injection parameter.
The transient hydrodynamics and thermal behaviours of fluid
flow in an open – ended vertical parallel – plate microchannel,
under the effect of the hyperbolic-heat-conduction model, were
investigated semi-analytically in [13]. They concluded that, as
Kn increases, velocity slip and temperature jump increase at
the boundaries. Aydin and Avci [14–16] theoretically studied
forced convective heat transfer in two different microgeome-
tries, mainly microtube and microduct between two parallel
plates, both for the fully developed and for the developingPlease cite this article in press as: Jha BK, Aina B, Role of suction/injection on steady
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ing hydrodynamical behaviours of free convection gas flow in
a vertical open – ended parallel – plate microchannel filled with
porous media. Their results showed that the slip in velocity
and jump in temperature decreased in the axial direction of
the flow. The friction factor and Nusselt number decreased
as Knudsen number increased.
On the other hand, the practical importance of some electri-
cal machines where there is heat transfer in their channel such
as rotor and stator, in refrigerator, thermal storage system,
growth of single silicon crystals, heat exchangers, and cooling
system for electronic devices has made mixed convection heat
transfer and fluid flow in channel of great relevance to
researchers. Mixed convection is a flow under the influence
of thermal buoyancy and pressure gradient. Works on mixed
convective flow in vertical channel or micro-channel geometry
include the work of Avci and Aydin [18,19] in which exact
solutions for fully developed mixed convection in a vertical
parallel-plate micro-channel with constant plate temperature
and constant heat flux on the plates respectively were studied.
In another work, Avci and Aydin [20] conducted a theoretical
investigation on the fully developed mixed convective heat
transfer of a Newtonian fluid in a vertical micro-annulus
formed by two concentric micro-tubes. It is found that increas-
ing mixed convection parameter enhances heat transfer while
rarefaction effects considered by the velocity slip and the tem-
perature jump in the slip flow regime decrease it. Recently, Jha
and Aina [21] further extended the work of Avci and Aydin
[20] to the case when suction/injection is imposed on the annu-
lus surfaces. They concluded in their study that as suction/
injection on the micro-porous-annulus (MPA) increases, the
fluid velocity and temperature increase. In another work, Jha
and Aina [22] investigated steady fully developed mixed con-
vection flow in a vertical micro-annulus in the presence of
transverse magnetic field. Aydin and Kaya [23] investigated
mixed convection flow of viscous dissipating fluid about a ver-
tical flat plate. Also, Aydin and Kaya [24] studied the role of
suction/injection and magnetic field on mixed convection flowfully developed mixed convection flow in a vertical parallel plate microchannel,
Role of suction/injection 3of conducting fluid in the presence of viscous dissipation about
a vertical porous plate. In their work, they observed four dif-
ferent flow situations according to the direction of the free
stream flow and thermal boundary condition applied at the
wall.
Suction or injection of fluid through the bounding surfaces,
as, for example, in mass transfer cooling, it can significantly
change the flow field and, as a consequence, affect the rate
of heat transfer from the bounding surfaces. In general, suc-
tion tends to increase the skin-friction and heat transfer coef-
ficients whereas injection acts in the opposite manners.
Injection or withdrawal of fluid through porous heated or
cooled surface is of general interest in practical problems
involving film cooling, control of boundary layers, etc. This
can lead to enhanced heating (or cooling) of the system and
can help to delay the transition from laminar flow [25].
Therefore, the objective of this study is to present exact
solutions for the mathematical model responsible for mixed
convection flow in a vertical micro-porous-channel. The pre-
sent work extends the work of Jha et al. [12] to mixed convec-
tion flow in a vertical micro-porous-channel. The current work
is aimed as an extension of the previous analytical studies to
provide some insight into a number of industrial applications,
which use similar configurations.
2. Mathematical analysis
The geometry of the system under consideration in this present
study is shown schematically in Fig. 1. Consider the fully
developed steady mixed convection flow of viscous, incom-
pressible fluid in a vertical micro-porous-channel in the pres-
ence of suction/injection due to asymmetric heating as well
as constant pressure gradient in the vertical direction. The dis-
tance between the plates is b. A coordinate system is chosen
such that the x-axis is parallel to the gravitational acceleration
g but with the opposite in direction while the y-axis is orthog-
onal to the micro-porous-channel walls. The plates are heated
asymmetrically with one plate maintained at a temperature T1
while the other plate at a temperature T2 where T1 > T2. In
addition, fluid is being injected into the flow region throughg 
b
  T2   T1
x 
y 
   T0
Figure 1 Flow configuration and coordinate system.
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the fluid in the micro-porous-channel, fluid is being sucked
out of the micro-porous-channel at the same rate through
the hot porous plate. The fluid flow is assumed to be fully
developed, and has constant physical properties.
Using Boussinesq’s approximation, the governing equa-
tions of the energy and momentum can be written in dimen-
sional form as follows:
V0
du
dy
¼ m d
2u
dy2
þ gbðT T0Þ  dp
dz
1
q
ð1Þ
V0
dT
dy
¼ k
qCp
 
d2T
dy2
ð2Þ
The pressure, p, is thus measured relative to that which would
exist at the same elevation in the stagnant fluid if it was at a
uniform temperature of T0.
The boundary conditions for the velocity and temperature
field in dimensional form are as follows:
uðy ¼ 0Þ ¼ 2 fv
fv
k
du
dy

y¼0
ð3Þ
uðy ¼ bÞ ¼  2 fv
fv
k
du
dy

y¼b
ð4Þ
Tðy ¼ 0Þ ¼ T2 þ 2 ft
ft
2c
cþ 1
k
Pr
dT
dy

y¼0
ð5Þ
Tðy ¼ bÞ ¼ T1  2 ft
ft
2c
cþ 1
k
Pr
dT
dy

y¼b
ð6Þ
Introducing the following dimensionless quantities in Eqs.
(1) - (6),
Y ¼ y
b
; h ¼ T T0
T2  T0 ; U ¼
u
U0
; X ¼ x
Re b
;
P ¼ p
qU20
; S ¼ V0b
m
;
Pr ¼ m
a
; Gr ¼ gbðT2  T0Þb
3
m2
; Re ¼ u0b
m
; Z ¼ z
Re b
ð7Þ
Eqs. (1) and (2) can be written in dimensionless form as
d2U
dY2
 S dU
dY
þ Gr
Re
h dP
dZ
¼ 0 ð8Þ
d2h
dY2
 SPr dh
dY
¼ 0 ð9Þ
subject to the following dimensionless boundary conditions
[11]
UðY ¼ 0Þ ¼ bvKn
dU
dy

Y¼0
; UðY ¼ 1Þ ¼ bvKn
dU
dy

Y¼1
ð10Þ
hðY ¼ 0Þ ¼ nþ bvKn ln
dh
dY

Y¼0
;
hðY ¼ 1Þ ¼ 1 bvKn ln
dh
dY

Y¼1
ð11Þfully developed mixed convection flow in a vertical parallel plate microchannel,
Table 1 Comparison of the values of velocity obtained in the
present work with those obtained by Jha et al. [12].
n Y Velocity ðln ¼ 1:667; S ¼ 0:5; bvKn ¼ 0:1Þ
Jha et al. [12] Present work ðGrRe ¼ 500Þ
0.0 0.0 0.0419 0.0417
0.1 0.0801 0.0800
0.2 0.1110 0.1106
0.3 0.1344 0.1341
0.4 0.1446 0.1442
0.5 0.1566 0.1564
0.6 0.1544 0.1541
0.7 0.1433 0.1430
0.8 0.1220 0.1218
0.9 0.0904 0.0901
1.0 0.0480 0.0474
1.0 0.0 0.0112 0.0111
0.1 0.0225 0.0223
0.2 0.0338 0.0336
0.3 0.0440 0.0437
0.4 0.0530 0.0526
0.5 0.0595 0.0593
0.6 0.0627 0.0625
0.7 0.0620 0.0614
0.8 0.0560 0.0558
0.9 0.0436 0.0435
1.0 0.0240 0.0238
4 B.K. Jha, B. Ainawhere
bv ¼
2 fv
fv
; bt ¼
2 ft
ft
2cs
cs þ 1
1
Pr
; Kn ¼ k
b
; ln ¼ bt
bv
;
n ¼ T2  T0
T1  T0
Referring to the values of fv and ft given in Eckert and Drake
[26] and Goniak and Duffa [27], the value of bv is near unity,
and the value of bt ranges from near 1 to more than 100 for
actual wall surface conditions and is near 1.667 for many engi-
neering applications, corresponding to fv ¼ 1, ft ¼ 1, cs ¼ 1:4
and Pr ¼ 0:71 ðbv ¼ 1; bt ¼ 1:667Þ.
The physical quantities used in the above equations are
defined in the nomenclature.
Integrating Eq. (9) and applying the boundary conditions,
(11) gives
hðYÞ ¼ A0 þ A1 expðSPrYÞ ð12Þ
where
A0 ¼ nþ bvKn lnð1 nÞSPrbvKn lnSPr expðSPrÞ þ bvKn lnSPrþ expðSPrÞ  1ð Þ
A1;
A1 ¼ nþ ð1 nÞbvKn lnSPrexpðSPrÞþbvKn lnSPrþ expðSPrÞ 1ð Þ
;
Substituting Eq. (12) into the momentum Eq. (8) and solv-
ing it using the boundary condition (10) gives
UðYÞ ¼ Gr
Re
A0Y
S
 A0
S2
þ A1 expðSPrYÞ
SPrðSPr SÞ
 
þ dP
dZ
Y
S
 1
S2
 
 B1
S
þ B0 expðSYÞ ð13Þ
where
B0 ¼ B1a3
a11
 Gr
Re
a12
a11
 dP
dZ
a13
a11
; B1 ¼ Gr
Re
a15
a14
þ dP
dZ
a16
a14
where the values of a1 to a45 are given in the Appendix A.
At any cross section in the channel, the dimensionless mean
velocity, U0, can be written as
U0 ¼
Z 1
0
UdY ¼ 1 ð14Þ
Substituting Eq. (13) into Eq. (14) gives
dP
dZ
¼ a28 þ Gr
Re
a27
a26
ð15Þ
The dimensionless mean/bulk temperature is defined as
hm ¼
R 1
0
UhdYR 1
0
UdY
ð16Þ
Substituting Eqs. (12) and (13) into the above equation, we
obtain
hm ¼ Tm  T0
T2  T0 ð17Þ
¼ Gr
Re
a43 þ dP
dZ
a44 þ a45 ð18ÞPlease cite this article in press as: Jha BK, Aina B, Role of suction/injection on steady
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h ¼
k@T
@y

y¼b
T2  Tb ¼
 k
b
@h
@Y

y¼1
1 hm ð19Þ
which is obtained from the following Nusselt number
Nu ¼ A1SPr expðSPrÞ
1 hm ð20Þ
The mixed convection parameter Gr
Re
, represents a measure of
the effect of the buoyancy in comparison with that of the iner-
tia of the external forced flow on the heat and fluid flows.
Forced convection is the dominant mode of transport when
Gr
Re
! 0, whereas free convection is dominant mode when
Gr
Re
!1. However, in order to verify the accuracy of the pre-
sent work, we have computed the numerical value for the
velocity as Gr
Re
!1. Table 1 gives a comparison of the numer-
ical values of the velocity obtained in the present work when
Gr
Re
!1 Gr
Re
¼ 500  with those obtained by Jha et al. [12]. As
can be seen from Table 1, the solutions of the present work
perfectly agree with those of Jha et al. [12].
3. Results and discussion
The present study investigates the interactive effects of the suc-
tion/injection parameter (S), mixed convection parameter (Gr/
Re), the Knudsen number (Kn), fluid–wall interaction param-
eter (ln) on heat and fluid flow in a micro-porous-channel.
The Knudsen number (Kn) is the ratio of the gas mean free
path ðkÞ to the characteristic dimension of the fluid flow region
(b) and it determines the degree of rarefaction and the degree
of the validity of the continuum approach. As Kn increases,
rarefaction becomes more important and eventually the con-fully developed mixed convection flow in a vertical parallel plate microchannel,
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Role of suction/injection 5tinuum approach breaks down. The present parametric study
has been performed over reasonable ranges of
0 6 bvKn 6 0:1 and 0 6 ln 6 10. The product of bvKn repre-
sents a measure of the departure from the continuum regime,
while ln represents a property of the fluid–wall interaction.
Furthermore, the values of suction/injection parameter
S ¼ V0bm
 
are taken over the range of 2 6 S 6 2 with a refer-
ence value of S ¼ 0:5 while the select reference values of bvKn
and ln for the analysis are 0.05 and 1.667 as presented by Jha
et al. [12].
Fig. 2 shows temperature profile for different values of
Knudsen number (Kn) with fixed value of S ¼ 0:5, Pr ¼ 0:71,
ln ¼ 1:667. It is observed that fluid temperature increases on
the cold wall of the micro-porous-channel as Knudsen number
(Kn) increases while it decreases on the hot wall of the micro-
porous-channel as Knudsen number (Kn) increases. This is due
to the fact that as Knudsen number (Kn) increases, rarefaction
increases and hence fluid interaction with the walls decreases.
Further, it is interesting to note that as wall-ambient tempera-
ture difference ratio ðnÞ decreases, there is increase in the tem-
perature jump.
Fig. 3 shows velocity profile for different values of Knudsen
number (Kn) for fixed value of S ¼ 0:5, Pr ¼ 0:71,
Gr=Re ¼ 50, ln ¼ 1:667. It is clear from Fig. 3 that increase
in Knudsen number (Kn), increases the velocity and velocity
slip on both walls of the micro-porous-channel. This is attrib-
uted to the fact that increasing Knudsen number (Kn), fluid
interaction with the walls decreases allowing for free motion
of the fluid particles and hence increases in velocity. Also, at
the centre of the channel, it is observed that the maximum
velocity decreases as Knudsen number (Kn) increases. The rea-
son behind it is that break in continuum reduces the effect of
the pressure gradient on the fluid. Also, as the wall-ambient
temperature difference ratio ðnÞ decreases, there is increase in
the velocity slip.
Figs. 4 and 5 present the influence of fluid wall interaction
parameter (ln) on temperature and velocity profile, respec-
tively. It is clear from Fig. 4 that fluid temperature increases0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
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Figure 2 Temperature profile for different values of bvKn with
ln ¼ 1:667; S ¼ 0:5; Pr ¼ 0:71.
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Figure 4 Temperature profile for different values of ln with
bvKn ¼ 0:05; S ¼ 0:5; Pr ¼ 0:71 .
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interaction parameter (ln) increases while it decreases on the
hot wall of the micro-porous-channel as the fluid–wall interac-
tion parameter (ln) increases. In addition, as wall-ambient tem-
perature difference ratio ðnÞ decreases, there is increase in
temperature jump. Also, it is observed from Fig. 5 that increas-
ing fluid–wall interaction parameter (ln) decreases both the
velocity and the velocity gradient near the hot wall of the
micro-porous-channel, while it increases velocity near the cold
wall of the micro-porous-channel. Furthermore, as wall-
ambient temperature difference ratio ðnÞ decreases, there is
an increase in the velocity slip.
Fig. 6 shows velocity profile for different values of mixed
convection parameter (Gr/Re) for fixed value of S ¼ 0:5,
Pr ¼ 0:71, bmKn ¼ 0:05, ln ¼ 1:667. It is found that near thefully developed mixed convection flow in a vertical parallel plate microchannel,
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Figure 5 Velocity profile for different values of ln with
bvKn ¼ 0:05; Gr=Re ¼ 50; S ¼ 0:5; Pr ¼ 0:71.
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bvKn ¼ 0:05; ln ¼ 1:667; S ¼ 0:5; Pr ¼ 0:71.
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Figure 8 Velocity profile for different values of S with
bvKn ¼ 0:05; ln ¼ 1:667; Gr=Re ¼ 50; Pr ¼ 0:71.
6 B.K. Jha, B. Ainacold wall of the micro-porous-channel, increasing mixed con-
vection parameter (Gr/Re) leads to decrease in fluid velocity
while the result is just converse at hot wall of the micro-
porous-channel. Also, at the middle of the micro-channel,
the fluid flow is not affected by mixed convection parameter
(Gr/Re). Physically speaking, increasing ðGr=Re > 0Þ means
convection current and pressure gradient support each other
and, hence, results in an increase in fluid velocity while
ðGr=Re < 0Þ shows natural convection opposing the effect of
the pressure gradient. Furthermore, for large values of mixed
convection parameter ðGr=ReÞ there exists a reversed flow.
Also, increase in mixed convection parameter ðGr=ReÞ
increases this reversed flow region and the critical value of
mixed convection parameter ðGr=ReÞ leading to the flow rever-
sal can be found by setting dU
dY
 
Y¼0 ¼ 0. Applying this condi-
tion to Eq. (7), we obtain the following: Gr
Re
¼ k8
k7
.
Furthermore, flow reversed is possible at hot wall of thePlease cite this article in press as: Jha BK, Aina B, Role of suction/injection on steady
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convection parameter (Gr/Re).
In Figs. 7 and 8, the temperature and velocity profiles for
different values of suction/injection parameter (S) are shown,
respectively. It is found that as suction on the hot wall of the
micro-porous-channel with simultaneous injection on the cold
wall of the micro-porous-channel (S> 0) increases, tempera-
ture and velocity decrease. The physical fact behind this is that
cold fluid particles are injected into the micro-porous-channel
through the cold wall of the micro-porous-channel while fluid
particles that are heated on the hot wall of the micro-porous-
channel are removed out of the micro-porous-channel. This
decreases the temperature in the micro-channel thus weaken-
ing the convection current. This results to a decrease in
velocity.fully developed mixed convection flow in a vertical parallel plate microchannel,
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different values of ln .
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Table 2 Influence of Knudsen number and suction/injection
parameter (S) on the critical values of Gr/Re at the cold wall of
the micro-porous-channel with n ¼ 0 .
bvKn=S 0.02 0.04 0.06 0.08 0.1
2.0 79.3243 80.4812 81.7523 83.1140 84.5485
1.0 73.4064 73.6396 74.1004 74.7375 75.5139
1.0 73.3538 73.0215 73.1046 73.4940 74.1158
2.0 80.2138 80.1896 80.6735 81.5219 82.6407
Table 3 Influence of Knudsen number (Kn) and suction/
injection parameter (S) on the critical values of Gr/Re at the
cold wall of the micro-porous-channel with n ¼ 1.
bvKn=S 0.02 0.04 0.06 0.08 0.1
2.0 39.6621 40.2406 40.8762 41.5570 42.2742
1.0 36.7032 36.8198 37.0502 37.3687 37.7570
1.0 36.6769 36.5108 36.5523 36.7470 37.0579
2.0 40.1069 40.0948 40.3368 40.7610 41.320
Role of suction/injection 7Fig. 9 reveals the influence of fluid–wall interaction param-
eter (ln) on the rate of heat transfer. It is seen from the figure
that the rate of heat transfer decreases with the increase in the
values of fluid–wall interaction parameter (ln) for both wall-
ambient temperature difference ratios ðnÞ.
In Fig. 10, the effect of mixed convection parameter (Gr/
Re) and Knudsen number (Kn) on the rate of heat transfer is
depicted. It is observed that, an increase in mixed convection
parameter (Gr/Re) leads to an increase in the rate of heat
transfer, while an increase in Knudsen number (Kn) reduces
the rate of heat transfer.
Fig. 11 shows the variation of the rate of heat transfer for
different values of suction/injection parameter (S) and Knud-
sen number (Kn). Fig. 11 reveals that the skin frictionPlease cite this article in press as: Jha BK, Aina B, Role of suction/injection on steady
Ain Shams Eng J (2016), http://dx.doi.org/10.1016/j.asej.2016.05.001decreases with increase in Knudsen number (Kn) in the case
of injection at cold wall of the micro-porous-channel and suc-
tion at hot wall of the micro-porous-channel while the result is
reverse in the case of suction at cold wall of the micro-porous-
channel and simultaneous injection at hot wall of the micro-
porous-channel.
Tables 2 and 3 present the influence of Knudsen number
(Kn) and suction/injection parameter (S) on the critical values
of mixed convection parameter (Gr/Re) which signifies the
onset of reverse flow near the cold wall of the micro-porous-
channel for n ¼ 0 and n ¼ 1, respectively. These tables
clearly show that as suction on the hot porous wall with simul-
taneous injection on the cold porous wall (i.e. S> 0) increases,
the critical values of mixed convection parameter (Gr/Re)
increase.fully developed mixed convection flow in a vertical parallel plate microchannel,
Table 4 Influence of fluid–wall interaction (ln) and Knudsen
number (Kn) on the critical values of Gr/Re at the cold wall of
the micro-porous-channel with n ¼ 0 .
ln bvKn 0.02 0.04 0.06 0.08 0.1
2.0 72.6909 73.1462 73.8887 74.8456 75.9671
4.0 78.1276 83.3264 88.3103 93.1337 97.8339
6.0 83.5643 93.5066 102.7320 111.4218 119.7008
8.0 89.0010 103.6867 117.1536 129.7099 141.5677
10.0 94.4378 113.8669 131.5753 147.9979 163.4345
Table 5 Influence of fluid–wall interaction (ln) and Knudsen
number (Kn) on the critical values of Gr/Re at the cold wall of
the micro-porous-channel with n ¼ 1 .
ln bvKn 0.02 0.04 0.06 0.08 0.1
2.0 36.3454 36.5731 36.9443 37.4228 37.9835
4.0 39.0638 41.6632 44.1552 46.5668 48.9170
6.0 41.7822 46.7533 51.3660 55.7109 59.8504
8.0 44.5005 51.8434 58.5768 64.8549 70.7173
10.0 47.2189 56.9334 65.7876 73.9990 81.7173
8 B.K. Jha, B. AinaTables 4 and 5 show the effect of Knudsen number (Kn)
and fluid–wall interaction parameter (ln) on the critical values
of mixed convection parameter (Gr/Re) which signifies the
onset of reverse flow near the cold wall of the micro-porous-
channel for n ¼ 0 and n ¼ 1, respectively. These tables
clearly show that the critical value mixed convection parameter
(Gr/Re) increases with increase in both Knudsen number (Kn)
and fluid–wall interaction parameter (ln). This is so because as
Knudsen number (Kn) increases, molecular distance increases
within the fluid; hence, it requires an increased mixed convec-
tion parameter (Gr/Re) to induce a reverse flow.
4. Conclusions
Mathematical model has been developed and solved exactly to
analyse the impact of suction/injection on steady laminar fully
developed mixed convection flow in a micro-porous-channel
formed by two infinite vertical porous plates. The velocity slip
and temperature jump conditions are incorporated in the
mathematical model. Closed form expressions for velocity,
temperature, and rate of heat transfer expressed as a Nusselt
number are obtained by solving the present mathematical
model. These expressions are used to compute the numerical
values in order to see the impact of relevant governing param-
eters on flow and heat transfer characteristics. The main con-
clusions of present work are as follows:
a. Fluid temperature increases on the cold porous wall as
Knudsen number (Kn) increases while it decreases on
the hot wall of the micro-porous-channel as Knudsen
number (Kn) increases while increase in Knudsen num-
ber (Kn), increases the velocity and velocity slip on both
walls of the micro-porous-channel.
b. Fluid temperature increases on the cold wall of the
micro-porous-channel as the fluid–wall interaction
parameter (ln) increases while it decreases on the hot
wall of the micro-porous-channel as the fluid–wall inter-
action parameter (ln) increases.Please cite this article in press as: Jha BK, Aina B, Role of suction/injection on steady
Ain Shams Eng J (2016), http://dx.doi.org/10.1016/j.asej.2016.05.001c. An increase in mixed convection parameter (Gr/Re)
leads to an increase in the rate of heat transfer, while
an increase in Knudsen number (Kn) reduces the rate
of heat transfer.
d. By increasing injection at cold wall of the micro-porous-
channel and simultaneous suction at hot wall of the
micro-porous-channel decreases the probability to
reverse flow formation at cold wall of the micro-
porous-channel for n ¼ 0 and n ¼ 1, respectively.
e. Probability of reverse flow formation at cold wall of the
micro-porous-channel is higher for n ¼ 1 in compar-
ison with n ¼ 0.
f. Probability of reverse flow formation decreases at cold
wall of the micro-porous-channel as Knudsen number
(Kn) or fluid–wall interaction parameter (ln) increases.
g. The current work can also be used for checking the accu-
racy, convergence and effectiveness of various numerical
computation methods and improving differencing
schemes for three-dimensional time dependent mixed
convection flow in microgeometries.Appendix A
a1 ¼ A1
SPrðSPr SÞ 
A0
S2
; a2 ¼  1
S2
; a3 ¼ 1
S
;
a4 ¼ A1 expðSPrÞ
SPrðSPr SÞ 
A0
S
1þ 1
S
 
; a5 ¼  1
S
1þ 1
S
 
;
a6 ¼ 1
S
; a7 ¼ A1ðSPr SÞ 
A0
S
; a8 ¼ A1 expðSPrÞðSPr SÞ 
A0
S
;
a9 ¼ expðSÞ; a10 ¼ S expðSÞ;
a11 ¼ 1 SbvKn; a12 ¼ a7bvKn a1; a13 ¼ a6bvKnþ a2;
a14 ¼ a3a9
a11
 a3 þ a3a10bvKn
a11
;
a15 ¼ bvKna8 þ
bvKna10a12
a11
þ a12a9
a11
þ a4;
a16 ¼ bvKna6 þ
bvKna10a13
a11
þ a13a9
a11
 a5; a17 ¼ a15a3
a14a11
 a12
a11
;
a18 ¼ a16a3
a14a11
 a13
a11
; a19 ¼ a15
a14
; a20 ¼ a16
a14
;
a21 ¼ A1 expðSPrÞðSPrÞ2ðSPr SÞ 
A0
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1
2
þ 1
S
 
;
a22 ¼  1
S
1
2
þ 1
S
 
; a23 ¼ 1
S
; a24 ¼ expðSÞ
S
;
a25 ¼ A1ðSPrÞ2ðSPr SÞ ;
a26 ¼ a22  a20a23 þ a18a24  a18a23;
a27 ¼ a21 þ a19a23  a17a24  a25 þ a17a23; a28 ¼ 1
a26
;
a29 ¼ A0A1 expðSPrÞðSPrÞ2ðSPr SÞ 
A20
S
1
2
þ 1
S
 
;
a30 ¼ A0
S
1
2
þ 1
S
 
; a31 ¼ A0B1
S
; a32 ¼ A0B0 expðSÞ
S
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S2Pr
1
SPr
 1
S
 1
 
þ A
2
1 expð2SPrÞ
2ðSPrÞ2ðSPr SÞ ;
a34 ¼ A1 expðSPrÞ 1
SðSPrÞ2 
1
S2ðSPrÞ 
1
S2Pr
 !
;
a35 ¼ A1B1 expðSPrÞ
S2Pr
; a36 ¼ A1B0 expðSPrþ SÞðSPrþ SÞ ;
a37 ¼ A0A1ðSPrÞ2ðSPr SÞ ; a38 ¼
A0B0
S
;
a39 ¼ A0A1
SðSPrÞ2 
A0A1
S2ðSPrÞ þ
A21
2ðSPrÞ2ðSPr SÞ ;
a40 ¼ A1
S3Pr
1
Pr
 1
 
; a41 ¼ A1B1
S2Pr
;
a42 ¼ A1B0ðSPrþ SÞ ; a43 ¼ a37 þ a39  a29  a33;
a44 ¼ a30 þ a34  a40;
a45 ¼ a32  a31  a35 þ a36  a38 þ a41  a42;
k1 ¼ A1
SPr S
A0
S
; k2 ¼ a28
S
; k3 ¼ a27
Sa26
;
k4 ¼ a17S; k5 ¼ Sa18a28; k6 ¼ Sa27a18
a26
;
k7 ¼ k1 þ k3  k4  k6; k8 ¼ k5  k2References
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